[1] A high-resolution hybrid data assimilative (DA) modeling system is used to study barotropic tides and tidal dynamics on the southeast New England shelf. In situ observations include tidal harmonics of 5 major tidal constituents [M 2 , S 2 , N 2 , O 1 , and K 1 ] analyzed from coastal sea level and bottom pressure gauges. The DA system consists of both forward and inverse models. The former is the three-dimensional, finite difference, nonlinear Regional Ocean Modeling System (ROMS). The latter is a three-dimensional linearized, frequency domain, finite element model TRUXTON. The DA system assimilates in situ observations via the inversion for the barotropic tidal open boundary conditions (OBCs). Model skill is evaluated by comparing the misfits between the observed and modeled tidal harmonics. The assimilation scheme is found effective and efficient in correcting the tidal OBCs, which in turn improve ROMS tidal solutions. Up to 50% decreases of model/data misfits are achieved after inverse data assimilation. Co-amplitude and co-phase maps and tidal current ellipses for each of 5 tidal constituents are generated, revealing complex tidal variability in this transition region between the tidally amplified Gulf of Maine in the northeast and the tidally much less energetic Middle Atlantic Bight in the southwest. Detailed examinations on the residual circulation, energetics, and momentum balances of the M 2 tide reveal the key roles of the unique bottom bathymetry of Nantucket Shoals and the complex coastal geometry in affecting the regional tidal dynamics.
Introduction
[2] The continental shelf of southeastern New England south of Cape Cod, Massachusetts is located in the transition zone between the tidally amplified Gulf of Maine to the northeast and the tidally much less energetic Mid-Atlantic Bight shelf to the west (Figure 1 ). Because of its unique geographic location, complex coast/island geometry, and highly irregular bottom bathymetry of Nantucket Shoals, tides and tidal currents in this area are intrinsically complicated in their distributions and structures. Many physical and biogeochemical processes in the area are affected by the details of tidal dynamics. For instance, tides influence the extent of vertical mixing, and thus partially determine the location of temperature fronts that are often observable from satellite imagery (J. L. Wilkin, The summertime heat budget of the southeast New England shelf waters, submitted to Journal of Physical Oceanography, 2005) (hereinafter referred to as Wilkin, submitted manuscript, 2005) . The strength of the tidal currents influences the bottom sediment distribution and short-and long-term fate of material and pollutants introduced into the water column. Similarly, both the vertical mixing and the tidal residual circulation affect the biological productivity by controlling the vertical distribution of nutrients and organisms and the advection of eggs and larvae.
[3] Albeit important, knowledge of tides and tidal dynamics in this area is still primitive, and largely based on a limited number of in situ point measurements [e.g., Moody et al., 1984; Brown, 1984; Limeburner and Beardsley, 1982] . By combing recent field observations of currents and pressures with other historical data sets in the area into a large data assembly, Shearman and Lentz [2004] studied both barotropic and baroclinic tides, and provided valuable insights on tidal dynamics in a broader context of New England shelf waters. Revealing many complex features of the tidal dynamics, they concluded that under-sampling problems remain, and as such, a regional tidal modeling study is much needed to resolve and improve our understanding of tidal characteristics.
[4] Our objective is therefore to construct a high-resolution, regional tidal model to aid in dynamic interpolation and interpretation for this shelf region. The area of our interest is centered on Martha's Vineyard, and extends westeast from Narragansett Bay to the saddle of the Great South Channel, and north-south from Cape Cod out to just beyond the 60 m isobath at 40°30 0 N ( Figure 1 ). As the first step, we focus on modeling only the barotropic tides, which are highly energetic in this region. In limited area coastal domains the tides can be treated as being entirely remotely forced, i.e., the influence of the gravitational tide generating forces within the domain are negligible. The principal challenge to modeling tides accurately is the proper representation of tidal elevation and velocity boundary conditions around the entire model perimeter. The conventional way to achieve this is to use global/basin-scale tidal models to provide open boundary conditions (OBCs). Although significant progress has been made to improve global/basinscale tidal models, and their solutions are fairly accurate in the open ocean and many shelf seas [e.g., Shum et al., 1997] , they are often not as accurate in coastal regions that have complex coastlines and bathymetric features (such as the New England shelf) due to limitations in their model resolutions and/or coarse resolution bathymetric data being used. This in turn impairs the global/basin-scale models' utility in providing OBCs for regional, high-resolution models. Often time, certain ''fine tuning'' of tidal OBCs is needed, and this is largely being done by trial-and-error based on empirical experience. Lynch et al. [2004] introduced an efficient inverse procedure to ''fine tune'' tidal OBCs for a regional South Atlantic Bight circulation model by inverse data assimilation. It is our goal here to construct a similar data assimilation modeling system to efficiently ''fine tune'' tidal OBCs by assimilating observed coastal tidal harmonics on the New England Shelf. The resulting ''best estimations'' of OBCs then drive our high-resolution regional model to produce best representation of and improved dynamic understanding on regional tidal circulation and dynamics.
[5] The remainder of this paper is organized as follows. Section 2 reviews in situ measurements that were used to derive tidal harmonics. The inverse data assimilation modeling system is presented in section 3. Inversion of tidal open boundary conditions and model validation are discussed in section 4. Co-amplitude and co-phase maps and tidal current ellipses are presented in section 5 to depict the tidal characteristics. Section 6 presents detailed examinations of the tidal dynamics, focusing on the strongest tidal constituent: the M 2 tide. Finally, section 7 summarizes and concludes the preceding material.
Observations
[6] In situ observations used in this study consist of 15 sets of tidal harmonic constants derived from an extensive collection of coastal sea level/pressure measurements distributed across the research domain. These include 9 sets of published tidal harmonics from the National Ocean Service [NOS, 2002] and U.S. Geological Survey (USGS) [Moody et al., 1984] , and 6 sets derived from bottom pressure measurements collected from the 1979 -1980 Nantucket Shoals Flux Experiment (NSFE) [Brown et al., 1985; Beardsley et al., 1985] , the Coastal Mixing and Optics (CMO) Experiment [Dickey and Williams, 2001] , and Coupled Boundary Layers Air-Sea Transfer (CBLAST) experiment. For these bottom pressure time series, a standard harmonic analysis procedure [Foreman, 1977; Pawalowicz et al., 2002] was used to generate tidal harmonics. Details of data processing were documented by Shearman and Lentz [2004] . Here, we focus on three major semidiurnal and two major diurnal tidal constituents, namely M 2 , S 2 , N 2 , K 1 and O 1 . Together, they account for 95% of total tidal variance on the New England Shelf.
[7] We purposely choose to use tidal harmonic constant observations from coastal tide gauge and bottom pressure observations because they are more accurate representations of barotropic tides than the current measurements, containing much less uncertainty introduced by small-scale bathymetric irregularity and oceanic processes. In particular, current measurements on the New England Shelf often contain signals of internal waves at tidal frequencies, as well as high-frequency internal solitons, and their magnitudes, phases and structures are highly variable, depending on forcing mechanism and the presence, strength, and structure of stratification [Colosi et al., 2001; Shearman and Lentz, 2004] .
[8] We divide these 15 stations into two groups. The first group includes stations (circles in Figure 2 ) close to either the land boundary or our tidal model's open boundaries. We refer to these as the ''active'' stations, which are used in data assimilation described below. The other group contains stations (triangles in Figure 1 ) largely distributed in the model interior. As such, we expect them to be good indicators to evaluate the model interior solution. These are used only as the validation set and are designated as ''passive'' stations.
Models and Hybrid Assimilation Scheme
[9] The data assimilation system consists of both forward and inverse components. The forward model is the threedimensional, hydrostatic primitive-equation Regional Ocean Modeling System. It is a free-surface, finite-difference circulation model, formulated in a vertical terrainfollowing sigma-coordinate. The horizontal discretization is by an orthogonal curvilinear Arakawa-C grid. Our regional ROMS implementation for the New England Shelf has fine grid spacing (1 km) and realistic bathymetry from a 3-arc-second Coastal Relief Model [Divins and Metzger, 2003] augmented by soundings digitized from charts in the vicinity of Muskeget Channel (Figure 1 ). For the purpose of this study, the model density field is set to be homogenous. Open boundary conditions are specified following the method of Marchesiello et al. [2001] to apply Orlanskitype radiation to the three-dimensional velocity. The free surface (z) and depth-averaged velocity (u) boundary conditions use the radiation method of Flather [1976] , i.e.,
where g is the acceleration due to the earth gravity, h is the local water depth, and Z t and u t are the estimations of tidal elevation and velocity boundary conditions to be specified, and thus the objects of our ''fine tuning'' approach.
[10] The inverse component of our system is the threedimensional linearized, sigma-coordinate finite-element model TRUXTON [Lynch et al., 1998 ]. Its discretization is harmonic in time, and finite element in space. TRUXTON was originally constructed as the inverse of QUODDY, a three-dimensional nonlinear finite-element forward circulation model [Lynch and Naimie, 1993] . The utility and effectiveness of TRUXTON in fitting QUODDY solutions to observations by deducing corrections to tidal OBCs has been demonstrated in modeling various coastal regimes with different circulation settings, such as the Gulf of Maine [He et al., 2005] , Georges Bank [Lynch et al., 1998; Aretxabaleta et al., 2005] , and the South Atlantic Bight Figure 2 . Locations of coastal tide gauges, and bottom pressure stations where harmonic constants (HC) of tidal elevations were derived. Dots indicate stations where HC were assimilated, and triangles denote stations where HC were used for model validation.
where s h is expected error of misfit e, N h is the numbers of observations, and ds denotes incremental distance along the model's open boundary. The first term on the right is the quadratic model/data misfit e, which is defined as the complex difference between the observed and modeled tidal harmonics (i.e., tidal amplitude and phases in this case). The next two terms are the regularization terms, which penalize the size and spatial slope of boundary adjustment h to exert extra spatial constraint. w 0 and w 1 represent the inverse covariances of H and the elevation slope, respectively. For this New England Shelf application, we choose expected size of elevation misfit to be 0.05 m; expected size of boundary adjustment as 0.1 m; and expected slope of boundary adjustment as 10 À7 . These three metrics were all weighted equally in the minimization, and their values are consistent with the order of magnitude of prior estimates of these quantities. Since misfit e can be supplied from any forward model by comparing model solutions with observations, our premise is that by using TRUXTON and ROMS together, we can utilize interior observations to ''fine-tune'' ROMS tidal OBC. A hybrid data assimilation scheme such as this therefore provides a better alternative to the commonly used, empirical ''trial-and-error'' approach.
[11] The hybrid assimilation procedure (Figure 3 ) is as follows: (1) We start by running the ROMS forced by prior estimates of tidal open boundary conditions for a length of 30 days. This is based on Emery and Thompson [2001] , who indicated that a record length of 30 days is sufficient to resolve the 5 major tidal constituents focused herein. Hourly ROMS simulated elevations are saved and analyzed by harmonic fitting to derive tidal harmonics for each of 5 tidal constituents; (2) The misfits between the observed and model tidal harmonics at ''active'' stations are used to drive the TRUXTON to deduce the correction to the tidal boundary conditions, and (3) the adjustments are added to the prior OBCs to form more accurate posterior open boundary elevation and velocity specifications, which subsequently drive another forward ROMS run.
[12] Although TRUXTON is a linear inverse model, it retains the principal nonlinearity of the tidal system (the motion-dependent frictions and vertical turbulence viscosity) by using the mixing and bottom stress coefficients generated by the forward model [Lynch et al., 1998 ]. In our case, ROMS uses Mellor-Yamada turbulence closure, and the quadratic bottom stress law based on the near-bottom velocity u b (t = c d ju b jũ b , where C d is the bottom drag coefficient, 0.003). As such, temporal means of both the pseudo drag coefficient c 0 d = c d ju b j and eddy viscosity N are passed on to TRUXTON during the inversion. An alternative way to specify the eddy viscosity used by TRUXTON is to follow Lynch et al. [2004] by defining N = 0.2jubarj 2 , where ubar is the ROMS depth averaged velocity. Sensitivity experiments show that for this barotropic tidal system, the inversion solutions are not sensitive to the way eddy viscosity is specified.
[13] The nonlinearity of the overall system requires that the process be iterated until no further improvement of the OBC (or equivalently, further improvement in forward model solutions) is achieved. Our results show that 2 iterations are sufficient, with the largest inverse deduction occurring after the first inverse iteration. It should be noted that because ROMS uses a structured (optionally curvilinear) rectangular grid, whereas TRUXTON use an unstructured triangle mesh, a prerequisite for using this hybrid data assimilative system is model gridding. To avoid potential inconsistency between the bathymetry and resolution of the two models, we purposely construct the unstructured mesh by directly subdividing the ROMS rectangle grid into triangles, thereby enhancing consistency of the two models. The TRXTON solutions at the unstructured nodes are them mapped to the ROMS boundary cells using nearest neighbor interpolation scheme with the assumption that with $500 m (the ROMS grid has 1-km spatial resolution), variations in tidal amplitude and phase are negligible.
Inverse Model Solutions and Validation
[14] Our ''best'' prior estimation of tidal OBCs was constructed with the tidal harmonics database from a twodimensional, barotropic, boundary-fitting, finite-element Advanced Circulation (ADCIRC) model simulation of the western Atlantic [Luettich et al., 1992; CCAT Research Program, 2003 ]. This product has been extensively used for tidal related purposes all along the U.S. East Coast [Mukai et al., 2002] .
[15] By assimilating tidal harmonics from ''active stations'', inverse deduction provides incremental fine tuning of amplitude and phase distributions for each constituent along the ROMS open boundary during each of two inverse iterations. These resulting data-inverted adjustments correct for the deficiency of ''prior'' OBCs, which as discussed earlier, largely come from the insufficiency of basin-scale model resolution and/or coarse resolution bathymetric data (Figures 7 and 8) . Likewise, the corresponding adjustments from inverse deduction are less than 1.5 (2) cm in amplitude and less than 10°(6°) in phases for O 1 and K 1 , respectively.
[16] Although these data-inverted adjustments seem small relative to the total tidal signals along the model's open boundaries, resolving and correcting for these errors are important as they tend to amplify as the tidal waves 
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HE AND WILKIN: TIDES ON THE SOUTHEAST NEW ENGLAND SHELF approach inshore. Moreover, these adjustments all together are significant relative to the subtidal (e.g., wind-driven) signal, which is of order of 10 cm. This unfavorable signalto-tide ratio makes it easy to smear the subtidal variability unless the tides are very precise. Hence, describing and understanding subtidal signals themselves call for the need for inverse deduction in the tidal bands.
[17] To see how the inverse deduction helps to improve ROMS fitting, we list both observed and modeled (prior, after 1st inversion, and posterior) tidal amplitude A and tidal phase F [GMT] at each station for each constituent in Tables 1 -5 . For side-by-side comparisons, tidal amplitude and phase are also transformed into complex tidal amplitude
, so that the model-data misfit is quantified as the complex difference between observed (Z o ) and ROMS modeled (Z m ) [Lynch et al., 2004; Davies et al., 1997] . Both ''active'' and ''passive'' stations are included in such comparisons to provide unbiased evaluation of the performance of the inversion. The mean complex misfits for prior, 1st inversion, and the posterior are calculated for each tidal constituent to assess the overall effectiveness of data inversion.
[18] It is found that ROMS prior solutions are better than or equivalent to ADCIRC solution. By successive inverse iteration, improvement is achieved for ROMS posterior/data comparisons for all 5 tidal constituents. As such, with respect to ADCIRC, 50%, 39%, 18%, 49% and 14% reductions in model-data mean misfit are obtained for M 2 , S 2 , N 2 , K 1 and O 1 , respectively. Note that because M 2 is one order of magnitude stronger than other tidal constituents, the fact that the most significant misfit reduction occur for M 2 implies that the inversion is successful. The model-data mean misfit of M 2 tide becomes smaller than the expected size of elevation misfit (5 cm) after only two inverse iterations, suggesting inverse deduction is efficient. For M 2 , model-data misfits on each of both ''active'' and ''passive'' stations are reduced from the prior to the posterior, indicating that we obtain a seamless domain-wide improvement of solution quality. The same conclusion is true for other major constituents. Admittedly, the boundaryfitting, finite-element ADCIRC model does quite decent job in simulating S 2 , N 2 , K 1 and O 1 tides.
Tidal Characteristics
[19] Given that ROMS, driven by refined OBCs, now provides tidal solutions that agree well with observations, we next use ROMS posterior solutions to produce the coamplitude and co-phases charts for M 2 , S 2 , N 2 , O 1 and K 1 , and to further infer characteristics of the New England Shelf tides. It is seen that M 2 (Figure 9 ) tidal amplitude decreases from 0.4 m offshore of Martha's Vineyard to about 0.1 m over Nantucket Shoals, then rapidly increases to about 1 m toward the Gulf of Maine. This indicates the existence of a significant along-isobath pressure gradient, consistent with previous findings [Brown, 1984; Shearman and Lentz, 2004] that show the M 2 tide on the New England Shelf is more complicated than a simple standing or progressive plane wave. Similarly, M 2 tidal phase increases slightly from À10°G to 0°south of Nantucket, then change dramatically to 100°G toward the model's northern boundary in the Great South Channel. Tidal amplitude and phases of S 2 and N 2 have very similar spatial patterns (Figures 10  and 11 ), although their amplitudes are much smaller, being only about 10 -20% of M 2 . For all three semidiurnal constituents, one unique common feature is a local amplitude minimum over Nantucket Shoals. This is the transition region between the dynamically distinct Mid-Atlantic Bight (MAB) shelf to the west and the semi-diurnally amplified Gulf of Maine (GOM) to the northeast. Co-phase charts show that there is about 90 -120°elevation phase lag between the MAB and the GOM for all three semidiurnal tides. Kinematically, the semidiurnal tides of the two regions are out of phase and counteracting each other, resulting in relatively low tidal elevations in this transition zone.
[20] In contrast, diurnal constituents K 1 and O 1 show rather small amplitude and phase variations across the New England Shelf (Figures 12 and 13 ). Since these tides are not amplified, diurnal tides in GOM and MAB are quite similar and largely in phase. This is consistent with previous finding [i.e., Daifuku and Beardsley, 1983] . Both amplitude and phase slowly increase from the southwest to the northeast. Compared to M 2 , the shelf-wide tidal amplitude of K 1 and O 1 are very small, being only $10% of the counterpart of M 2 .
[21] The character of the tide in a particular region can be generally described in terms of the amplitude ratio between diurnal and semidiurnal tidal constituents, i.e., F = (K 1 + O 1 )/(M 2 + N 2 + S 2 ). Defant [1958] provides the following interpretations: 
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HE AND WILKIN: TIDES ON THE SOUTHEAST NEW ENGLAND SHELF area make the role of diurnal tides more important, especially in the region very close to the coast.
[22] Using ROMS's posterior solutions, characteristics of tidal currents are depicted by the depth-average tidal current ellipses for each tidal constituent (Figures 15 -19) . The strongest M 2 tidal currents are found to be $1.5 ms À1 , located in Muskeget Channel and the southeast of Nantucket Island. The rapid decrease in tidal current speed seen west of Nantucket Shoals is thought to be responsible for the accumulation of fine-grained sediment on the mid-shelf between 70°W and 71.3°W [Bothner et al., 1981; Twichell et al., 1981] . The major axes of tidal current ellipses are approximately parallel to local isobaths, except in Muskeget Channel, where the major axis of the tidal current is perpendicular to the isobath. Tidal currents of S 2 and N 2 share the same spatial patterns of M 2 , although the speeds are much weaker, with the largest being $0.25 ms À1 (note the change of velocity vector scale between M 2 and S 2 /N 2 ). For diurnal constituents, tidal currents are even smaller and exhibit limited spatial variability. The largest current speed is about 0.1 ms
À1
. As for the semidiurnal tide, the major axes of the diurnal tidal current ellipses are largely parallel to the local isobaths.
Tidal Dynamics and Tidal Residual Circulation
[23] Since the M 2 is by far the strongest tidal component in the system, we now focus on it alone to explore the Figure 11 . Same as Figure 9 , but for N 2 . Figure 12 . Same as Figure 9 , but for K 1 .
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M 2 Tidal Mixing Parameter
[24] Simpson and Hunter [1974] examined the role of tidal turbulence in generating mixing fronts. A critical value of U 3 /H was shown to be able to predict the location of mixing fronts in the shelf sea. Using the depth-averaged M 2 tidal velocity for U, we can apply the ROMS posterior solution to determine the front location due to tidal mixing and log 10 (h/U 3 ) is shown in Figure 20 . Here we see low values of h/U 3 over Nantucket Shoals, the shallow region inside Nantucket Sound, and in Muskeget Channel. Thus we expect tidally induced vertical mixing to be a dominant dynamical player in these portions of the domain. The contribution of tidal mixing in the generation of property fronts is supported by satellite sea surface temperature images that often show waters that are relatively cooler than the surrounding shelf waters in this area (Wilkin, submitted manuscript, 2005) . Because of the counteracting effects of tidal mixing and local stratification by surface and lateral buoyancy fluxes, the location and structure of fronts are highly variable. Previous study suggests that a critical value of log 10 (h/U 3 ) of 1.9 characterizes the range of location of tidal fronts [Greenberg, 1982] . Based on this, the Figure 13 . Same as Figure 9 , but for O 1 . Figure 14 . F-ratio for the study region.
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M 2 Tidal Residual Circulation
[25] Due to variable bathymetry, the tidal flow may generate residual currents through nonlinear interaction [Zimmerman, 1978] . These tidal residual currents often play an important role in the local mean circulation and material property transport. To extract the time-averaged residual motion, the ROMS posterior M 2 tidal currents were averaged over a 12.42-hr period, and the result of this average is shown in Figure 21 . The residual circulation is strong, with the maximum speed of 0.1 m s À1 (or approximately 10 km day À1 ). One portion of the residual mean flow seems to enter the New England Shelf from the east. The other large portion of residual circulation enters the shelf from the Great South Channel. Once reaching east of Nantucket, the portion of circulation bifurcates, one branch moving eastward and the other moving south. The latter branch then joins the currents from the east; together they flow westward to the MAB. Such a spatial pattern may be generated by sharp changes in the coastline and rough bottom bathymetry. It implies unique and effective pathways for material property transport from the GOM to the MAB, and from the ocean interior to the shelf.
M 2 Tidal Energy and Dissipation
[26] Given that tidal currents on the New England shelf are strong, it is of interest to see the structure of the barotropic tidal energy flux [Kowalik and Proshutinsky, Figure 15 . Depth-averaged tidal current ellipses for M 2 . Tidal ellipses are plotted every 5 grid points. Figure 16 . Depth-averaged tidal current ellipses for S 2 . Tidal ellipses are plotted every 5 grid points.
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HE AND WILKIN: TIDES ON THE SOUTHEAST NEW ENGLAND SHELF 1993] which, when including the contribution of both kinetic and potential energy, is given by:
where h is the water depth, h is the tidal elevation, r 0 is the seawater density (1026 kg/m 3 ),ũ is the ROMS posterior depth-averaged current velocity vector, and g is the acceleration due to gravity. The mean M 2 energy flux ( Figure 22 ) was computed by averaging the flux time series obtained from the above equation over the M 2 tidal period. A striking feature revealed here is that tidal energy fluxes from the Gulf of Maine to the north and the Atlantic Ocean to the south converge on Nantucket Shoals. Part of this confluent energy flux moves eastward to the interior of the North Atlantic, and the rest appears to be dissipated locally. The Nantucket Shoals are therefore a significant tidal energy sink.
[27] To investigate further the dissipation of the M 2 tides quantitatively and identify areas with the highest tidal energy losses, we compute the rate of energy dissipation as defined by Munk [1997] :
where C d is the bottom drag coefficient (0.003), r 0 is the seawater density ( ). This is not unexpected, because both strong currents and rough and irregular bottom bathymetry on Nantucket Shoals can contribute to the high dissipation in this area. Two other regions with high dissipation rate are identified. One is located in Muskeget Channel region and the other in the waters between Woods Hole and Martha's Vineyard. Both places have strong tidal currents (Figure 15 ) due to the local geometric constrictions of the narrow water gateway. This highlights how coastal geometry impacts on the circulation structure and energy distribution.
M 2 Tides Momentum Balance
[28] Shearman and Lentz [2004] examined the momentum balance of M 2 tides in the depth-averaged horizontal momentum equations based on in situ current and pressure observations south of Martha's Vineyard (CMO data set). They found the local acceleration term is the largest, followed by Coriolis and pressure gradient, and that the nonlinear term and bottom stress are more than an order of magnitude smaller. A similar distribution of momentum was also found by Brown [1984] . [30] At station A, we see a picture of term balances that is consistent with that identified by the abovementioned observational studies. In the u-(east-west/approximately along-isobath direction) momentum balance, the largest terms are local acceleration, pressure gradient and Coriolis. The latter two act in concert to balance the local acceleration. Bottom friction and advection are very small and their effects on the balance are negligible. In the v-(north-south/ approximately across-isobath direction) momentum balance, the major balance is between local acceleration and Coriolis with pressure gradient largely balancing the residuals. Contributions from bottom friction and advection are again negligible; suggesting that the local tidal dynamics in the area are linear.
[31] Moving northeast to station B (Nantucket Shoals), we see a completely different dynamical picture; every term in the balance is significantly bigger (note the scale changes) than that at station A. Most strikingly, we see that bottom stress and advection has the same order of magnitude as the other terms. In the u-(east-west/approximately across-isobath direction) momentum balance, the largest two terms are the pressure gradient and advection, showing nonlinear dynamics becoming important. Notice that these two terms are periodic with the M 4 time period, indicating nonlinear generation of the shallow water tidal constituent (M 4 tide). This is not surprising, as complex island geometry and bathymetric irregularity of Nantucket Shoals, together with very strong tidal currents, can certainly give rise to strong nonlinearity in the system. The critical impact of the irregular bathymetry of Nantucket Shoals is also seen in the significantly enhanced bottom stress term, which is largely balanced by Coriolis. In the v-(north-south/approximately along-isobath direction) momentum balance, the pressure gradient remains as the largest term, and is mostly balanced by the sum of bottom stress, local acceleration, and advection. Notice here Coriolis is the smallest term in the balance, indicating the across-isobath velocity is small. This is consistent with the tidal current ellipses (Figure 15) showing the ellipticity of the M 2 tidal current is very weak on Nantucket Shoals, and thus the tidal current are largely in the along-isobath direction. All terms except advection are now periodic with the M 2 time period.
[32] Nonlinear advection and bottom stress become smaller at station C, where the bottom bathymetry becomes smooth again. The major balance in the u-(east-west/approximately across-isobath direction) momentum now is between Coriolis and pressure gradient. Tidal current in this area is still mainly in the along-isobath direction. As a result, Coriolis in the v-(north-east/approximately along-isobath direction) momentum remains small, and the balance is dominated by pressure gradient and local acceleration.
Summary and Conclusion
[33] A data assimilative modeling study of the barotropic tides on the New England Shelf is presented. This is motivated by a clear need to resolve the under-sampling problem pointed out by previous observational studies in the area [e.g., Shearman and Lentz, 2004] and aimed at improving our understanding of regional tidal characteristic and dynamics. We have focused on providing the best estimation of 5 major tidal constituents (M 2 , S 2 , N 2 , O 1 , and K 1 ). The first step to achieve this was to accurately specify OBCs for the regional model. Global/basin scale tidal models [Shum et al., 1997; Egbert et al., 1994; Egbert and Erofeeva, 2002; Luettich et al., 1992] are commonly used to provide OBCs for regional coastal models. Although quite accurate in the open ocean, these large-scale models are often limited by their resolution of coastline details and coastal bathymetry, especially for a coastal region like New England Shelf which has many complex geometric and bathymetric features. As a result, significant tuning efforts are often required to adapt these global/basinscale tidal solutions to achieve the accuracy demanded by a local tidal application.
[34] We devised a hybrid data assimilation modeling system consisting of a regional high-resolution ROMS as the forward model and TRUXTON as the inverse model. In situ tidal harmonics were assimilated via the incremental correction (''fine tune'') for the prior barotropic tidal OBCs. Because ROMS and TRUXTON use different model grids and numerical schemes, care was taken to allow these two models work in tandem. Model skill was evaluated by comparing the misfits between the observed and modeled tidal harmonics. This hybrid data assimilation approach was found effective in correcting the tidal OBCs, which in turn improve ROMS tidal solutions. Up to 50% decreases of model/data misfits are achieved after inverse data assimilation. It should be noted that because TRUXTON is a frequency-domain model, it is highly efficient and fast in data inversion. Overall this hybrid data assimilation approach provides a better alternative to the otherwise empirical ''trial-and-error'' way to tune up regional tidal models. One caveat of our hybrid inverse approach is in the underlying assumption that model/data misfits are the solo . cor, adv, psg, str, and acc denote Coriolis term, advection term, pressure gradient term, bottom stress term, and local acceleration term, respectively. result of inaccurate specification of barotropic tidal OBCs. In reality, errors and uncertainties also arise from a variety of other sources, including errors in the observations themselves and model parameterizations such as bottom friction. With regard to the former, one needs to use accurate observations (and hence our decision to use pressures rather than current measurements in this study. Another reason for using pressure measurements is because of the pressure fields have larger scales than do the current fields; and thus are less subject to spatial aliasing of and internal tide contributions to current measurements). For the latter, more experiments may be needed in the future to explore model solution sensitivity to the frictional parameterization for which a more general inverse strategy is required. To that end, encouraging progress has now been made towards sensitivity analysis and generalized 4-dimensional variational data assimilation using tangent linear adjoint ROMS [Moore et al., 2004] which in the future would allow the tidal data assimilation to be conducted entirely with the ROMS model.
[35] The ROMS tidal solutions were used to produce coamplitude and co-phase maps for each of the 5 major diurnal and semidiurnal tidal constituents in this region. Significant variations in both tidal amplitudes and phases are identified, along with the unique tidal elevation minimum on Nantucket Shoals for all semi-diurnal constituents. In contrast, diurnal tides across the shelf are more spatially uniform. This is because the New England Shelf is between the dynamically distinct MAB shelf to the west and the (semi-diurnally) amplified GOM to the northeast. Semidiurnal tide elevations of these two regions are out of phase and counteract each other, resulting in relatively low tidal elevations in this transition zone. Overall, the tides on the New England Shelf can be characterized as mixed and mainly semi-diurnal type.
[36] Tidal current ellipse maps reveal that currents are strongest on Nantucket Shoals, which combined with rough and irregular bottom bathymetry, produce significant tidal mixing and energy dissipation. Momentum balance analyses on M 2 tides further confirm the complexity of tidal dynamics on the New England Shelf. Along-isobath pressure gradient is the dominant term across the entire shelf, while the contributions of other physical processes are spatially heterogeneous. This implies that unlike either of the region immediately to the west (MAB) or east (GOM), simple analytical models will not adequately reproduce tidal currents and elevations.
